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Search for Past Life

on Mars:

Possible Relict Biogenic Activity
in Martian Meteorite ALH84001

David S. McKay, Everett K. Gibson, Jr,
Kathie L. Thomas-Keprta, Hojatollah Vali,
Christopher S. Romanek, Simon J. Clemett,
Xavier D. F. Chillier. Claude R. Maechling, and Richard N. Zare

Fresh fracture surfaces of tne martian meteonte ALHB84001 contain abunaant polycyclic
aromatic hyorocarbons {(PAHs). These fresh tracture surfaces S0 disptay carbonate
globules. Contamination studies suggest the PAHSs are indigenous to the meteorite. High
resolution scanning and transmission electron microscopy study of surface textures and
internal structures of selected carbonate globules show that the giobules contain fine-
grained. secondary phases of single-domain magnetite and Fe-monosulfides. The car-
ponate globules are simitar in texture and size to some terrestrial bactenally induced
carbonate precipitates. Although inorganic formation is possible. tormauon of the glob-
ules by biogenic pracesses could explain many of the observed teatures including the

PAHs. The PAHSs, the carbonate globules, and their associated secondary mineral phas-

es and textures couid thus De fossil remains of a past martian biota.

A\ long-standing debate over the possibility
of present-day life on Mars was addressed by
the Viking lander expenments in 1976. Al-
though the results were generally interpret-
ed to be negative for life in the tested
surface soils. the possibility of life at other
locations on Mars could not be ruled out
(1). The Viking lander’s mass spectrometry
experiments failed to confirm the existence
of organics for the maruan surface samples
analvzed. Furthermore. tne Viking results
contained no niormation on possible fos-
sils. Another source of intormation about
possible ancient martan iife 15 the Sher-
gotry-Nakhla-Chassigny \SNC) class of
meteorites, which appear to have come O
the Earth bv impact events on Mars (2, 3).
We have examined ALH84301 collected in
Antarctica and recently recognized as a me-
teorite from Mars {4). Our objective was to
look for signs of past ifossii) life within the
pore space of secondarv munerals of the
martian meteorites. Our task is difficult be-
cause we oniv have a smaii piece of rock
from Mars and we are searcning for martian

D. S. McKay Mai Code SN. NASA Lvnaon B. Johnson
Sopace Center. Houston. TX 77085, USA.

E. K. Gibson. ur.. Mail Code SN4 NASA Lvnoon B. John-
son Space Center. Houston. 77 =758, USA.

K. L. Thomas-Keona. Lockneed tann. Mai Code C23.
2400 NASA Road 1. Houston. ¥ 7058, USA.

H. Vali. Deot. cf Eann ana Panetary sciences. McGil
University, 3450 Unnerstty St.. s2onmreal. Queoec, H3A
2A7 Canaga.

C. S. Romanex. Savannan Fver £coioqy Laporatory.
Drawer E. Unuversay of Georgia. Axen. SC 29802. USA.
S.J. Clemen. X. D F. Chiber. C = Maecning. R.N.Zare.
Deoartment of Chermistry, Stamord unversity, Stantord.
CA 94305-5C80. USA.

biomarkers on the basts of what we know
about life on Earth. Thereiore, if there is a
martian biomarker, we may not be able to
recognize 1t, unless it 1S similar to an earthly
biomarker. Additionally, no information is
available on the geologic context of the
rock on Mars.

ALHB84001 is an igneous orthopyroxen-
1te consisting of coarse-grained orthopyrox-
ene [(Mg.Fe)SiO:} and minor maskelynite
(NaAlSi,Oa), olivine {(Mg.Fe)SiO,l. chro-
mite (FeCr,O,), pyrue {FeS.). and apatite
[Ca (PO,),) (4=6). Iis crvstallized 4.5 bil-
lion vears ago (Ga) (6). It records at least
two shock events scparated bv a peniod of
annealing. The age of the first shock event
has been estimated to be 4.0Ga (7). Unlike
the other SNC meteorites, ALH84001 con-
tains secondary carbonate minerals that
form globules from 1 1o ~230 wm across (4.
6. 8. 9). These carbonate globules have
been estimated to have formed 3.6 Ga (10).
Petrographic and eleceron mucroprobe te-
sults (4. 11) indicate that the carbonates
formed at relativelv high temperatures
{~700°C), however. the stable oxvgen 150-
tope data indicate that the carbonates
formed between (° and g0°C (12). The
carbonate globules are found along rractures
and in pore spaces. Some of the carbonate
globules were shock-faulted (4, 5). This
shock event occurred on Mars or in Space.
and thus rules out a terrestrial ongin for the
globules (3. 8. 13). The 1sotopic compost-
non of the carbon and oxvgen associated
with the carponate giobutes aiso indicates
chat thev are indigenous 0 the meteorite

and were not formed during 1ts 13.000-vear
residence 10 the Antarctic environment
(13).

The 5'’C values of the carbonate in
ALHS84001 range up to 42 per mi for the
large carbonate spherowds (12) and are
higher than values for carbonates n other
SNC meteorites. The source of the carbon
is the martian atmospheric CO.. which has
been recycled through water into the car-
bonate (12). The carbon isotopic compost-
vons of ALHB84001 are sumiiar to those
measured in CM2 carbonaceous chondrites
(14). Consequently, the carponates in
ALHB84001 and the CMZ meteontes are
believed to have been formed tv aqueous
processes on parent bodies. The 8"°C in
martian meteorite carbonates ranges from
—17 to +42%o (12, 15. 16). This range of
13C valves exceeds the range of DC gener-
ated by most terrestnal inorganic processes
(17. 18). Altemauvely, biogenic processes
are known to produce wide ranges in 1C
fractionations on Earth (19, 20).

ALH84001 amved on Earch 13.000
years ago and appears to be essentially free
of terrestrial weathening (8). ALHB84001
does not have the carbon 1sotopic compo-
sitions typically associated with weathered
meteorites (12, 15) and deratled mineralog-
ical studies (8) show that ALHB84001 has
not been significantly affected by terrestrial
weathering processes.

ALHB4001 is somewhat friable and
breaks relatively easily along preexisting
fractures. It is these fracture surfaces that
display the carbonate globules. We analvzed
freshly broken fracture surfaces on small
chips of ALH84001 for poiveveiic aromatic
hydrocarbons (PAHs) using a mucroprobe
two-step laser mass spectrometer (pL*MS)
(22. 23).

Polyeyclic aromatic hvdrocarbons. Spa-
tial distribution maps of individual PAHSs
on interior fracture surfaces oi ALH84001
demonstrate that both total PAH abun-
dance and the relative intensities of indi-
vidual species have a heterogeneous distri-
bution at the 50-im scaie. This distribution
appears to be consistent witn parual geo-
chromatographic mobilization of the PAHs
(24). The average PAH concentration in
the interior fracture surtaces is esumated 10
be 1n excess of 1 part per milon (25). The
PAHs were found in hignest concentration
in regions rich in carbonates.

From averaged spectra we idenuified two
groupings of PAHs bv mass (Fig. 1A). A
ruddle-mass envelope of 176 to 176 atomic
mass umits {amu), dommates and is com-
posed mostlv of simpie 3. 10 6-nng PAH
skeletons with alkvlated homotoes account-
ing for less than 10% of the total integrated
signal intensity. Princica peaxs at 178.201.
228, 252, and 278 amu are assigned tc



chenanthrene (C, H,,). pyrene {CeH 10l
chrysene (C,qH,;), perylene or cenzopy-
rene  (CyoH,,), and anthanthracene
(C,,H,) (26). A second weak. diffuse
high-mass envelope extends from aoout 3CC
to bevond 450 amu. The peak density 1S
high and shows a perniodicity at 14 and 2
amu. This distribution implies that there is
a complex mixture of PAHs whose parent
ckelerons have alkvlated side chains with
varying degrees of dehvdrogenation: specii-
1c assignments are ambiguous.

Contamination checks and control ex-
peniments indicate that the observed organ-
\c material is indigenous to ALH840CL.
The accumulation of PAHs on tne Green-
land ice sheet over the past 400 vears has
been studied in ice cores (27). The toul
concentrauon of PAHs in the cores varies
from 10 parts per trillion for preindustal
uimes to 1 part per billion for recent snow
deposition. Because Antarctica is in the less
industrialized Southermn Hemispnere. we
may expect CONCEentratons of PAHs in
Antarctic ice to lie berween these two him-
its. The pnmary source of PAHs 1s anthro-
pogenic emissions, which are characterized
by extensive alkylation (~10 fold greater
than that of the parent PAHs) (28) and by
the presence of abundant aromatic hetero-
cycles, primarily diben:zothiophene
(C,,H¢S: 184 amu). In contrast. the PAH:s
in ALHB84001 are present at the part per
million level (~10° to 10° tmes higher
concentration), show little alkviation, and
dibenzothiophene was not observed in any
of the samples we studied.

Analysis of Antarctic salt deposits on 3
heavily weathered meteorite {LEW 85320}
by pL*MS did not show the presence of

terrestrial PAHs within detection limits.
which suggests an upper limit for terrestnal
contaminanion of ALH84001 of 1%. Mea-
curements of four interior fragments of wo
Antarctc ordinary chondrites {ALHB83013
and ALHB83101) of perrologic classes H6
and L6 showed no evidence of indigenous
PAHs. These represent equivalent desorp-
tion matnix blanks: previous studies have
shown that no indigenous organic material
{5 present In meteorites of petrologic class
six (29).

Spatially resolved studies of exterior frag-
ments of ALH84001, with intact fusion crust
show that no PAHs are present within the
fusion crust or a one extending Into the
\nterior of the meteorite to a depth of ~50C
pm (Fig. 1, B-E). The PAH signal increases
with increasing depth. leveling off at ~1200
pm within the interior, well away from the
fusion crust. This concentration profile 1s
consistent with volatilization and pyrolysis of
indigenous PAHs during atmospheric entrv
of the meteonte and formation of a fusion
crust (30) but nconsistent with terrestrial
introduction of organic material into the
interior of ALH84001 along cracks and pore
spaces during burial in the Antarctic ice
sheet. These results indicate that the PAHs
are indigenous to ALH84001.

No evidence can be found for laboratory-
based contamination introduced during pro-
cessing. Samples for analysis were prepared
at the meteorite clean labs at NASA John-
son Space Center and sealed in containers
before they were transported to Stanford
University. A contamination study conduct-
ed prior to analysis of these samples showed
no evidence for any PAH contamination
(31). We also conducted expenments in
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which chips ¢ ALH84001 were cuitured 1N
nutnient mec: :m under aerobic and anero-
tic conditiors; we found the chips to be
sterile.

PAHs have been found in a wide range
of extraterre-tial materials using the wL*MS
technique, 1 ~luding carbonaceous and or-
dinary chor :nites (29), interplanetary dust
parucles (2 32) and interstellar graphute
grains (33) fach material is charactenzed
oy differin; PAH distnibutions retlecting
the differer  environments in which the
PAHs form - and their subsequent evolu-
uon (for e mple, as a result of aqueous
alteranion  aad thermal metamorphism).
Comparison of the mass distribution of
PAHs obser-ed in ALH84001 with that of
PAHs in other extraterrestrial materais in-
Jicates that the closest match 1s with the
CM2 carbonaceous chondrites (34). The
PAHs in ALHB84001, however. differ in
several respects from the CM2 chondrnites:
iow-mass D'AHs such as naphthalene
{C,oHe 120 amu) and acenaphthaiene
(C,Het 152 amu) are absent 1n
ALHS84001. the middle-mass envelope
shows no alicylation, and the relative inten-
ary of the 5- and 6-ring PAHs and the
relative inceasity and complexity of the ex-
tended his..-mass distribution are different.

On Ea-.n. PAHs are abundant as fossil
molecules n ancient sedimentary rocks,
coal, and ccroleum where they are derived
from cheiical aromatization of biological
precursors ich as marine plankton and ear-
iy plant lif - {35). In such samples, PAHs are
wvpically present as thousands, if not hun-
dreds of ¢t busands. of homologous and 1so-
meric seri-: in contrast, the PAHs we ob-
cerved in ALH84001 appear to be relanveiv
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of distance from tne AL-BA001 fusi-~ =rust tor the four pnmary FANs snown

in (A). Tha fusion crust fragment. v =
cleaved Immeaiately Sricf 10 anait ¢

Fig. 1. (A} Averaged mass sopectnm of an intenct. carconate-nch. fracture
suriace of ALHB4001. The spectrum reoresents ine average of 1280 inamadual
spectra oefining an anarvzeq surtace region of 755 by 750 um mappea at a
spatial resoiution of 50 by 50 um. 1B-E) PAH Swra intensity as a funcuon
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Fig. 2. Faise-color back-
scanter electron (BSE) im-
age of fracturea surtace of
a chip from ALHB4001
meteome snowing Qistn-
oution cof the carponate !
giobules. Orthopyroxene
s green and the car-
oonate giopules are of- -
ange. Surrounaing the |
Mg-carponate are 2 |
plack nm (magnesne) |
ana a wnne, Fe-nch nm. |

!

|
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Scale bari1s 1 mm. (Faise
coior prooucea by C.
Schwanotl.

simple. The in situ chemical aromatzation
of naturally occurring biological cyclic com-
pounds 1n early diagenesis can produce a
restricted number of PAHs (36). Hence. we
would expect that diagenesis of microorgan-
1sms on ALHB84001 could produce what we
observed—a few specific PAHs—rather
than a complex mixture involving alkylated
homologs.

Chemistry and mineralogy of the car-
bonates. The freshlv broken, but preexist-
ing fracture surfaces rich in PAHs also typ-
ically display carbonate globules. The glob-
ules tend to be discoid rather than spheri-
cal. and are flattened parallel to the fracture

surface. Intact carbonate globules appear
orange 1n visible light, have 2 rounded ap-
pearance, and manv display altemating
black and white rims. Under high magnifi-
canon stereo light microscopy or SEM ste-
teo 1maging, some of the globules appear to
be quite thin and pancake-like. suggesting
that the carbonates formed in the restricted
width of a thin fracture. This geometry
limited their growth perpendicular to but
not parallel to the fracture.

We selected a typical globule, ~50 pm
in diameter. for analvsis by TEM and elec-
tron microprobe (37). On the basis of back-
scatter electron (BSE) images (Fig. 2), the

Fig. 3. BSE image and |
electron MICTODIODe 1
maps showng the con- | acolotigoo3
centration of five elements |
n a caponale Tom |
ALHB4001. The eterment !
maps snow that the car- |
ponate 15 chemcally |
zoneg. Colors  range

ihrougn red. green, ight \
piue. and deep biue. re-

fiectng the highest to fow- ‘
est ewment concentra- |
uons. Scale bars for afm- |
ages are 20 um. (Al BSE t
image snowing locaton of |
ortnopyroxene (OPX). cii- |
nopyroxene (CPX), aca- |
me (Al and carbonate |
{MgC. C\. Fe-ncn nms (R) |
separate the center of the |
zaroonate (C) from a Mg- |
nen caroonate (MgCl rm. |
Feqion N the Dox IS 0e- |
scnoed in Figs. 5 ano 6.

B} Fe 1s most abunaant in

ne paraiiel nMs. ~3 wn across, and in a reqion of the

J -

caroorate ~20 um in size. (C) Highest S is associated

wIh an Fe-nch im: 1 's Not homogeneously aistnouted. DUt ratner jocated in aiscrete 3 regions of not soots
A 18 nm. A lower S aDUNCANCE IS Present througnout the CIcoule In DAICNY areas. (D) Higner concentrations
=t Ma are Snown In tNe Fe-DOOr OUTer Fegron of tne carponaze. A Mg-ficn region (MgC), ~8 num across. s
(ocatea between the two Fe-ncn nms. (E) Ca-ncn regons are associated with the apatte, the Fe-ncn core of
ne caroonats and tne clinopyroxane (F), P-ncn regons are associatea with the apatre.
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larger giotules (>10 pm) have Ca-nc:
cores (which also contain the highest M
abundances) surrounded bv altemaung Fv
and Me-nich bands (Fig. 3). Near the edc
of the giobule. several sharp thin bands ar:
present. Tne turst band 15 rich in Fe and =
the second i rich in Mg with no Fe, t&.
third 15 tich in Fe and S again (Fig.
Detectable S is also present in patchy are:
throughout the globule.

In situ TEM analvses of the globule 1~
Fig. 4 revealed that Fe- and Mg-rich car
bonates iocated nearer to the rim range u
composttion from ferroan magnesite to purt
magnesite. The Fe-rich rims are composes
mainly of fine-grained magnetite ranging i
size from ~10 to 100 .nm and mmnor
amounts of pyrrhotite (~5 vol%) (Figs. 2
region | and 4A). Magneute crystals are
cuboid. teardrop, and irregular in shape.
Individual crystals have well-preservec
structutes with no lattice defects. The mae
netite and Fe-sulfide are in a fine-grainec
carbonate matrix (Figs. 4A-4C). Compost-
tion of the fine-grained carbonate matny
matches that of coarse-grained carbonate:
located adjacent to the rim (Fig. 4A).

High-resolution  transmission electror:
microscopy (HRTEM) and energy dispersive
spectcoscopy (EDS) showed that the Fe
sulfide phase associated with the Fe-rich
nims 15 pyrehotite (Fig. 4C). Pyrrhotite par
ucles are composed of S and Fe only, nc
oxygen was observed in the spectra; particle:
have atomic Fe/S ratios ranging from ~0.92
to 0.97. The size and shape of the Fet
particies varies. Single euhedral crystals o
pyrthoute range up to. ~100 nm across
polvcrvsaalline particles have more roundec
shapes ranging from ~20 to 60 nm acros.
(Fig. 4C). HRTEM of these particles showec
that their basal spacing is 0.57 nm, whict
corresponds to the {111} reflection of the
pyrrionce in a 4C monoclinic system. The
magacate 1s distributed uniformly in the
fim, whereas the pyrrhotite seems to be dis
tnb-. 1 randomly in distinct domains ~3
10 1. tong (Fig. 3C). Magnerite grains u
AL {3501 did not contin detectabl
am-riats of minor elements. In addition
th .+ :nignetite grains are single-domant
crv s having no structural defects.

istinct region, located toward the

¢roe 7 the carbonate spheroid but com
p .cto woparate from the magneute-rici
r J.--:ved above. also shows accumuia
t ~u o1 cnagnetite and an Fe-rich suifia:

i . - region 1l and 5A). This recior
. .n w0 types of textures: The first on
1 -+ nassive and electron-dense unde
s .. The second region is much: ie
ense and is porous. The peroy
occurs matnly in  crosscutuin
b e nd rarely in isolated patches. ¥
s ootz this pOrous texture as a regon :



which the massive carconate has been pat-
tially dissoived. Tr.c nanometer-size magne-
tite and Fe-suifide pnases are evervwnere
assoctated with the fine-grained Mg-Fe-nich
carbonate. in the regions containing high
concentranicns of magnetite, dissolution of
carbonate 15 evident (Fig. 5A). In contrast
to the magneute-rich nm, the core area
contains few magneute particles. The Fe-
sulfide phases in this magnetite-poor region
have chemicai compositions similar to that
of the pyrrhouite. However, uniike pyrrho-
tite grains that have a {arge vaniety of mor-
phologies, most of these Fe-sulfide particles
have elongated shapes (Fig. 5B). We could
not obtain a diffraction pattern of these
Fe-monosulfide parucles because they were
unstable in the eiectron beam. Possible can-
didates for these Fe-monosulfide minerals
include mackinawite (FeS,_,), gregite
(Fe,S,), and smvthute (FeoS,,). Because of
the morphological similarity to terrestrial
greigite (Fig. 3C), we suggest these Fe sul-
fide minerals are probably greigite (38).
Formation of the magnetite and iron
suifides. The occurrence of the fine-grained
carbonate. Fe-monosuifide, and magnetite
rhases could be expiained by either inor-
ganic or biogenic processes. Single-domain
magnetite can precipitate inorganically un-
der ambient temperature and neutral pH
conditions by parual oxidation of ferrous

soluttons (39). This svnthetic magnetite
ranges 10 size from about | to more than
100 nm and is chemically verv pure {39}.
Simultaneous inorganic precipiration of
magnetite and pyrrhotite requires strongly
reducing conditions at high pH (40). How-
ever, carbonate 1s normally stable at high
pH. and the observed dissolution of carbon-
ate would normaily require low pH acidic
conditions. 1t is possible that the fe-sul-
fides, magneute, and carbonates all formed
under high pH conditions. and the acidicy
changed at some pomnt to low pH causing
the partial dissolution of the carbonates.
But the Fe-sulfide and magneute do not
appear to have undergone any corrosion or
dissolution (41), which would have hikely
occurred under acidic conditions. More-
over, as previousiy mentioned. the dissolu-
tion of carbonate is always inumately asso-
ciated with the presence of Fe-sulfides and
magnetite. Consequently, neither simulta-
neous precipitation of Fe-suifides and mag-
netite along with dissolution of carbonates
nor sequenual dissotution of carbonate ata
Jater time without concurrent dissolution of
Fe.sulfides and magnetite seems plausiole in
simple inorganic models. although more
complex models could be proposed.

In contrast. the coexistence of magnetite
and Fe-sulfide phases within partally dis-
solved carbonate could be explained by bio-

Fig. 4. TEM images of a tnin secuon ob-
tainea frcm pan cf ine same fragment
shown in Fig. 3A (from ne region ot arrow
I, Fig. 3A). (A) image at low magnficaton
showing 1ne Fe-ncn nm containing fine-
gran magneute and Fe-suffide pnases and
their association with the surrgunNaIng car-
ponate (C} ang onnopyrcxene {CPX). (B)
High magnificaion ¢ a magnette-ncn area
in {A) showing the a:stroution of inamdual
magneuts crystais man contrast) within
the fine-grain carccrate (1cw cenrast. (C)
High magniicanon <t @ Cyrmotie-ncn re-
gion srowing the CSIRCLTEn ct :ramdual
cyrmotre canictes (two ciack arrcws inthe
center] tetner vain magretie (ciner ar-
rows) '« lMin tre f-e-grajrea caroonaté
(low ccrirast.
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genic processes, which are known to oper-
ate under exueme disequilibrium condi-
tions. Interceilular coprecipitation of Fe-
sulfides and magnetite within individual
bacteria has been reported (42). In addi-
tion, extracellular tiomediated precipita-
tion of Fe-sulfides and magneute can take
place under anaerobic conditions (43, 44).

Magneute parucles in ALH84001 are
similar (chemucally, structurally, and mor-
phologically) to terrestnial magneute parti-
cles known as magnetofossils (45), which
are fossil remains of bacterial magnetosomes
(46) found in a vanety of sediments and
soils (41, 47, 48) and classified as single-
domain (~20 to 10C nm) or superparamag-
netic (<20 nm),(49). Single-domain mag-
netite has been reported in ancient lime-
stones and interpreted as biogenic (48).
Some of the magneute crystals in the
ALHB84001 carbonates resembie extracellu-
lar precipitated superparamagnetic magne-
tite particles produced by the growth of
anaerobic bactenium strain GS-15 (43).

Surface features and origin of the car-
bonates. We examined carbonate surfaces
on a number of smail chips of ALH84001
using high-tesolution SEM (50). The Fe-
rich rim of globules rypically consist of an
aggregate of tiny ovoids intermixed with
small irregular 1o angular objects (Fig. 6A).
Ovoids in the example are about 100 nm in
longest dimension. and the irregular objects
range from 20 to 80 nm across. These fea-
tures are typical of those on the Fe-rich rims
of many carbonate globules. These objects
are similar in size and shape to features in
the Fe-rich nms 1denuified as magneute and
pyrrhotite (Figs. 4B-4C). These objects are
too small to obtain compositional analysis
under the SEM.

In the center of some of the globules
(Fig. 2). the surface of the carbonate shows
an imregular. grainv texture. This surface
texture does not resemble either cieavage ot
a growth surtace of svnthetic and diagenetic
carbonates (51). These surfaces aiso display
small regularly shaped ovoid and elongated
forms ranging from about 20 to 100 nm 1n
longest dimension (Fig. 6B). Similar tex
tures containing ovoids have been tound or.
the surface of caicite concretions growr
from Pleistocene ground water in southerr
lealy (52) wnere thev are interpreted a.
nannobactenia that have assisted the calcit
precipitation.

The origin of these textures on the sur
face of the ALH24001 carbonates (Fig .
6A-61) is unclear. One possible explan.
non ¢ that the textures observed on t
carbonate sumace is a result of the part
Jissciution of the cartenate. that 1s thev #
erosicnai remnants of the carbonate tt
happen 1o ce in the shape of ovods ¢
elonzaze torms pernaps because the cart . -
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ate has preferenualiv eroded along gran
boundaries or dislocation:. Shock etfects
may have enhanced such textures. Howev-
er. as we know of no simiiar exampie from
the terrestrial geoiogic record or from labo-
ratorv expefiments, we cannot fullv evaiu-
ate this possible expianaton for the tex-
tures. A second possibihity 15 that arufacts
can be created during samrte preparation or
may result from laboratorv contamination.
For example. the appiicaton of a thick
Au-conductive coatng can produce (ex-
tures resembling mud cracks. and even
droplets or blobs of Au. Laboratorv contam-
ination can include dust grans. residue
from sample cleaning, and organic contam-
ination from epoxy. For companson, we

examined several control samcies treated
\denucailv to the meteorite cnips, We con-
ciude that the compiex textures (Fig. 6) did
not result from procedures used n our lab-
oratorv. Only interior or freshiv broken sut-
faces of chips werc used (52 We did ob-
serve an arufact texture from our Au-Pd
conductive coating that consists of a mud
crack-like texture visitle oniv ac 50,.000%
magnification or greater. None of the con-
trols display concentrations or blobs of
coaung material. A lunar rock chip carned
through the same procedures and examined
at high magnification showed none of the
features seen in Fig. 6.

An alternarive explanauon 1s that these
textures as well as the nanosize magnetute

Fig. 5. TEM images of a thn secton showing the morphology of the Fe-sutfide cnases present in
ALHB4001 and a terrestna sou sampie. iron sulfide phase (greigite?—Fe,S,) 1s located in a magnatite-
pOOr region separate and aisnnct from the magnetrte-nch nms (Fig. 3A, arow ). {A) TEM of a thin
section showing a cross section of a single caroonate crystal (large Diack regions: The apparent
cleavage features are due to knife camage by ultramicrotomy.) A vein of fine-gramea carponate (light
grey) is cbserved between the large carponate crystal. Possibly gregite and seconoary magnettte (fine,
dark crystals) have been precionated In this fine-grained matnx. There 15 a arect re:aton between the
degree of carbonate dissoluton and the concentration of the fine-granea magnatte and Fe-suffide
phases. This region shows less aiteration of carbonate and fewer Fe-fich particies, wnie regions snown
in Fig. 4 contan carponate tnat nas peen highly aitered ana contains apuncant Fe-ncn parucies. The
cleavage surface of the caroonate crvsial goes nNot snow any dissolution features [arowsl. there 1s No
evidence of struciural selectve aissolution of caroonate. (B) a reoresentatve eicngated Fe-sulfice
particle, iocated in tne aissolution region of the caroonate gescnbed In (A), 15 Most xely composed of
greigite. The Moronoiogy ana chemical composition of these particles are simuar to ine DIogenic greigie
described in (C). (C) High magnhcaton of an individual Microorganism wrthin 3 root cen of a soil sample
showing an eiongated, muitcrystaine core of greigine within an organic enveiope.

Fig. 6. High-resoiuuon SEM images snowing ovoia and elongate features associateg with ALH84001
carponate giopbues. (A) Sunace of Fe-nicn nm area. Numerous ovoigs. approxmatety 100 nm in
diameter. are present larows). Tubular-snapea boadies are aiso apparent farrows). Smater anquiar
grains may ba the magnetile anc cyrmotite founa by TEM. (B} Close wew of central region of carbonate
(away Irom nm areas) SNOWING ‘exiured SUrace and nanometer ovoies ang elonga’ea forms (arrows.
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and Fe-suliides. are the products of microl -
ological acawiev. It could bte argued th
these features in ALH84001 tormed in Ar:
arctica by biogenic processes or inorgar:
weathenng. it 1s unlikely that reduced pha
es. such as iron sulfides. would form in Ar
arctica during 1NOTganic weatnenng: repo:
ed authiperuc sultur-beanng phases fro
Antarctic soils and meteontes are suifates
hydrated sulfates. In generai. autnigenic s
ondary munerals in Antarctica are oxidi
or hydrated (53). The lack of PAHs in ©.
analvzed Antarctic meteontes. the sterilt
of the sample, and the neariv unweather
nature of ALHB84001 argue agatnst an A~
arctic biopenic origin. As a control we
amined three Antarctic ordinarv chondi:«.
(ALH78119, ALH76004, and ALH810/+
{which do not have indigenous PAHs) fron
the same ice field where ALH84001 wu
collected, as well as a heawviiv weathore
ordinary chondrite that gave negative restl:
for PAHs (LEW 85320). These meteori::
were chosen to cover the different degre: «
weathering observed on Antarcuc met:o,
ites. Examination of gramn surfaces a:c o
magnifications in weathered and unwench:
ered regions of these meteontes showe:l
sign of the ovoid and elongate forms secn
ALHB84001. However, none of these conru
meteorites contained detectable carbonaie

Ovoid features in Fig. 6 are similar 10 &1
and shape to nannobactena in traveair
and limestone (54). The elongate fon-
(Fig. 6B) resemble some forms of fossiiiz
filamentous bacteria in the terrestrial ios:
record. In general. the temestnal baccn-
microfossils (55) are more than an orlac
magnitude larger than the forms seen o
ALHB84001 carbonates.

The carbonate globules in ALH.t!
are clearly a kev element in the inter.
uon of this maruan meteorite. The or.
the:e globules 1s controversiai: Harve
McSween (11) and Mittietehldt (4) o
on the basts of microprote cnemst::
equilibrium phase relauonships. th-.
globules were formed bv high-temp:.-
motamorphic or hvdrothermai rea
Aliternatively, Romanek et al. (]2)
on the basis of isotopic reiattonshiy
the carbonates were formed unaer lo-.
rature hydrothermai conditions (5
nenophase magnetite and. iron me
Jwies present in these globuies woul
nw te detected in microprote a
~ach normally have a spauai resol
oot + micrometer. Qur TEM obse

¢ wur S maps.suggest that na

»erite and tron suifides. while

.} 1 some zoNes. are present «
S .o ciobules. The errect of the:
< .1 cwide and sulfide minerais
¢ microprote anaivses m

- .. c.awerpretation of the MICTopT




{4, 11) uncertain. Alternatvely, f the
clobules are products of biologic acuvirv, a
iow-temperature formation would ke 1ndi-
cated. The textures of the carbonate glob-
ules are simular to bacterially induced car-
tonate crvstal bundle precipitates produced
in the laboratory and in a fresh water pond
{57). Moreover. the observed sequence in
the maruan carbonate globuies—Mn-con-
taiming carbonate production early (in the
core) followed by Fe carbonate and finisn-
ing with the abundant production of re-
Juced Fe-sulfides 1s a sequence that 1s com-
mon in terrestrial settings. as Mn is nist
reduced by biogenic action. followed by
ferric iron and sulfate (57). Pure Meg-car-
bonate (magnesite) can aiso be produced by
tiomineralization under alkaline conditions
{59). On the basss of these observations, we
interpret that the carbonate globules have a
trogenic onigin and were likely tormed at
low temperatures.

It 1s possible that all of the descriced
features in ALHB84001 can be explained by
inofganic processes, but these expianauons
appear to require restricted conditions. for
example sulfate reducing conditions n
Antarctic 1ce sheets, which are not known
to occur. Formation of the described fea-
tures by organic activity in Antarctica s
also possible but such acrtivity is only poorly
understood at present. However, manv of
the descrnibed features are closely associated
with the carbonate globules which, based
on textural and isotopic evidence, were
likely formed on Mars before the meteonte
came to Antarctica. Consequently, the for-
mation of possible organic products 1mag-
nette and iron-monosulfides) within the
globules 1s difficult to understand. i the
carbonates formed on Mars and the magne-
tite and iron monosulfides formed 1in Ant-
arctica. Additionally, these products mignt
require anerobic bacteria, and the Antarcuc
ice sheet environment appears to be oxv-
gen-rich: ferric oxide formed from metallic
Fe is a common weathering product in Ant-
arcric meteorites.

In examining the martian meteorite
ALH84001 we have found that the follow-
ing evidence is compatble with the exis-
tence of past life on Mars: (i) an igneous
Mars rock (of unknown geologic context)
that was penetrated by a fluid along frac-
tures and pore spaces. which then became
the sites of secondary mineral formanion
and possible biogenic activity, (i1} a forma-
tion age for the carbonate giobules vounger
than the age of the igneous rock, (iii) SEM
and TEM images of carbonate elobules and
features resembling terrestnial microorgan-
1sms, terrestrial biogenic carbonarte struc-
tures, or microfossils, (iv) magneute and
iron sulfide particles that could have resuit-
ed from oxidation and reduction reacuions

known to be important in terrestrial micro-
bial systems, (v) the presence of PAHs as-
sociated with surfaces rich in carbonate
globules. None of these observations 1s in
iself conclusive for the existence of past
life. Although there are aitemmative expla-
nations tor each of these phenomena taken
individually, when considered collectively.
particularly in view of their spaual associa-
ton. we conclude that they are evidence for
primitive life on early Mars.
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 Wa hano picked smail Chips In a clean pench from

our curatonal afiocaton of ALHB4001. Most cios
wera frcm a region near 1na centrat part of the me-
1eonte ana away from tha fusion crust. athougn for
companson wa also looked at chips comanng
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coaung. apout 10 s with Our spuTier coater: these
samores usually showed charging effects and could
ot De used for highest resoiution Imaging. We more
typicanv used 20 1o 30 s. For backscaner and chem-
1cal macoing we used a Carbon coat of about 51010
Am 1rick. We monitored the possiDie aritacts from
N8 coatng using otner reference samoles of by
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could A'S0 estimate relative coating thicknesses by
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. Contrary 10 the Interoretations presented by Harvev

and McSween (171 conceming the eauthbnum oan-
uonIng of stapie caroon 1sotopes on Mars. 5'3C var-
s fcr carponate ana atmosonenc CO, are incom-
cattlie vain a mgn-temperature ongin. For the
CaCC,-CC; system. soud carponate is onw en-
ncneg n '2C pelow approximately 200°C [T

Chacko. T K. Maveaa. R. N, Clayton and J. R. Gola-
smitn. Geocrum. Cosmocrimica Acta 55. 2867
11991); C. . Romanex. E. L. Grossman ang J. W

\orse. Geocnim. Cosmoctuirmica Acta 66, 419
11992)). Assuming the §73C of ambient CO, is 27 per
mil (the gena vaie 1or rapped Qases in the Martian
mateome EETA790C1 [C. P. Harzmetz. |. P. Wright,
C.T. Pitnger. n Workshop on the Mars Surface and
Atmosonere tnrough Time, R. M. Habene et al.. Eds

(Tech. Rep. 92-02. Lunar and Planetary insttute.
Houston. 1692. co. 67-68). a §13C of 42 par mil for
carponate n ALB4001 can only be explaned by a
preciptanon temperaturg around 0°C. This temper-
ature estmate 1S COMDatibie witn an 1ndependent
range of Drecionaton temperatures {0° to 80°C.
tases on the &80 of the same carponates (12}, !
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